Introduction
============

An undesirable effect of inserting implants into the body to improve human health is infection. The most commonly reported medical device infections are associated with joint prosthesis, central venous catheters, endotracheal tubes, and mechanical heart valves.[@b1-ijn-8-731] Often these infections can be frequent as well as costly depending on device location.[@b1-ijn-8-731] The prevalence of infection by antibiotic resistant bacterial strains has risen considerably and is commonly seen in developed countries such as the United States. In particular, pathogenic bacteria, such as *Staphylococcus aureus (S. aureus)*, are known to produce antibiotic resistant Biofilms. Studies have shown that *S. aureus* currently accounts for at least 15% of all health care acquired infections.[@b2-ijn-8-731] Shockingly, the multidrug resistant *S. aureus* (MRSA) has been reported in 56% of all medical device related infections.[@b2-ijn-8-731] Therefore, a method to overcome infection is badly needed since clearly our current attempts of developing antibiotics are not working.

Nanotechnology provides numerous materials with dimensions less than 100 nm that have found numerous applications in medicine and may penetrate Biofilms and bacteria cell walls.[@b3-ijn-8-731]--[@b22-ijn-8-731] In particular, due to their magnetic properties and location in the body which can be controlled externally through an applied electric field, superparamagnetic iron oxide nanoparticles (SPION) have a strong potential to disrupt Biofilms produced by MRSA.[@b4-ijn-8-731]--[@b6-ijn-8-731],[@b19-ijn-8-731] These iron oxide nanoparticles (which can be in the form of maghemite, γ-Fe~2~O~3~ or magnetite, Fe~3~O~4~) are materials that can control drug delivery via an external magnetic source, the ability of which can be further improved by functionalizing their surface with molecules or chemistries to better penetrate Biofilms and bacteria. In a number of in vivo experiments, SPION with functionalized surface chemistries have been used to enhance magnetic resonance imaging contrast, tissue repair, drug delivery as well as cell separation.[@b21-ijn-8-731],[@b22-ijn-8-731] SPION could be injected surrounding a biofilm and then an external magnet source could be used to draw the nanoparticles into the biofilm to disrupt bacteria functions. Recently, many studies have also demonstrated the use of magnetic particles coated with antibiotics as an alternative method for drug delivery, albeit such approaches still rely on the use of antibiotics for which bacteria are increasingly developing resistance towards.[@b12-ijn-8-731],[@b17-ijn-8-731]

In this study, superparamagnetic iron oxide nanoparticles (SPION) were functionalized with amine, carboxylic acid or isocyanate groups and for the first time, were tested for their ability to penetrate *S. aureus* Biofilms to explore a novel non-antibiotic strategy to decrease bacteria growth after a biofilm is formed on a medical device.

Methods and materials
=====================

Fe~3~O~4~ synthesis
-------------------

SPION were synthesized in a high temperature synthesis method in triethylene glycol.[@b14-ijn-8-731] 2 mmol of iron (III) acetylacetonate (Strem Chemicals, Newburyport, MA, USA) was dissolved in 25 mL of triethylene glycol (Alfa Aesar, Ward Hill, MA, USA) in a round bottom boiling flask with magnetic stirring. This solution was heated gradually to 278°C and the solution was refuged at this temperature for 30 minutes. Nanoparticles were precipitated in 200 mL of 100% ethanol saturated with ammonium sulfate (Sigma-Aldrich, St Louis, MO, USA) and subsequently isolated in the presence of a strong magnetic field produced by two DZX08-N52 neodymium magnets (4″ diameter × 1/2″ thick magnet, 1795 Gauss; K&J Magnetics, Jamison, PA, USA). Once SPION were precipitated from solution, the supernatant was decanted and particles were transferred to a 50 mL BD Falcon centrifuge tube, rinsed twice in 100% ethanol and separated from the ethanol using a neodymium block magnet (4″ × 1″ × 1″, 4871 Gauss; K&J magnetics, Jamison, PA, USA). A sample of the solution was dried and the mass calculated. SPION were stored under refrigeration (4°C) in a 100% ethanol solution, where no observable oxidation was seen in a period of less than a month.

Amine functionalized SPION
--------------------------

Using SPION created with the aforementioned high temperature synthesis in triethylene glycol, amine functionalized SPION were fabricated using a condensation reaction to create hydroxyl groups on the surface of the iron oxide nanoparticles.[@b11-ijn-8-731] For this, 4 mmol of aminopropyltriethoxysilane (Sigma Aldrich) was added to the SPION and allowed to react overnight. SPION functionalized with amines ([Figure 1A](#f1-ijn-8-731){ref-type="fig"}) on their surfaces were rinsed twice the next day in tetrahydrofuran (THF) using a neodymium block magnet as described in the washing steps of the uncoated SPION. The SPION was stored under refrigeration (4°C) in a THF solution where no observable oxidation was seen in a period of less than a month.

Carboxylate functionalized SPION
--------------------------------

Carboxylate functionalized SPION were prepared in a reaction with succinic anhydride (Sigma-Aldrich) and the amine functionalized SPION in a THF solution. A final 1% solution of succinic anhydride was used.[@b17-ijn-8-731] This solution was allowed to react overnight and was rinsed twice in THF the next day to remove any unreacted succinic anhydride. These carboxylate coated SPION ([Figure 1C](#f1-ijn-8-731){ref-type="fig"}) were stored under refrigeration in a THF solution where no observable oxidation was seen in a period of less than a month.

Isocyanate functionalized SPION
-------------------------------

Similarly, the isocyanate functionalized SPION were prepared by using a new batch of SPION created using the aforementioned high temperature synthesis in triethylene glycol. These SPION were rinsed twice in THF to avoid the hydrolysis-decarboxylation reaction of the isocyanate in water.^23^ In a condensation reaction with the hydroxyl groups on the surface, 4 mmol of (3-isocyanatopropyl) triethoxysilane (Sigma-Aldrich) was added to the SPION and allowed to react overnight. SPION functionalized with the isocyanate on the surface ([Figure 1B](#f1-ijn-8-731){ref-type="fig"}) were rinsed twice the next day in THF using a neodymium block magnet as described in the washing steps of the uncoated SPION. These SPION were stored under refrigeration in a THF solution where no observable oxidation was seen in a period of less than a month.

SPION characterization
----------------------

SPION morphology was visualized using transmission electron microscopy (TEM). Dispersions of SPION were dried on carbon coated copper grids. Samples were imaged by a Philips JOEL 140 kV TEM (Philips, New York, NY, USA). Moreover, inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to quantitatively confirm the presence of chemistries in the SPION. Lastly, magnetization measurements were performed using vibrating sample magnetometry (VSM, LakeShore 7400; Chicago, IL, USA) at T = 300 K. To prepare samples for VSM, SPION were centrifuged and the supernatant was discarded. Then, nanoparticles were dispersed in ethanol, centrifuged again and the supernatant was discarded. Isolated nanoparticles were dried at room temperature for several days. Powders of nanoparticles were weighed and then placed in a capsule for hysteresis experiments at T = 300 K.

Bacteria assays
---------------

*S. aureus* (ATCC number 25923, American Type Culture Collection, Mannassas, VA, USA) was hydrated in tryptic soy broth (TSB) (MP Biomedicals, Solon, OH, USA) and streaked for isolation on a tryptic soy agar plate. After growth, a single isolated colony was selected and inoculated in 3 mL of TSB media. The bacteria culture was grown on an incubator shaker for 18 hours at 37°C, 200 rpm until it reached stationary phase.

The optical density of the overnight culture at 562 (OD~562~) was adjusted to 0.52, which corresponds to 10[@b9-ijn-8-731] cells.[@b22-ijn-8-731] The cultures were diluted 1:10 in TSB and 100 μL was seeded into a 96-well plate (BD Biosciences, Franklin James, NJ, USA). Biofilms were formed by allowing the bacteria to incubate at 37°C for 24 hours. After incubation, each functionalized SPION was prepared by rinsing twice in phosphate buffered saline (PBS) using a neodymium block magnet and resuspended in PBS to reach a 1 mg/mL solution. 100 μL of each SPION solution was added to each well with controls consisting of TSB alone. A SpectraMax MF plate reader (Molecular Devices, Sunnyvale, CA, USA) was used to analyze the change in bacterial growth over a period of 24 hours with OD measurements taken continuously every 4 minutes. The optical density readings of the controls were subtracted from each optical reading for the treated *S. aureus* samples.

Statistical analysis
--------------------

All experiments were performed in triplicate with 8 replicates per experiment to validate repeatability and reproducibility. Differences between means were determined using ANOVA followed by student *t*-tests.

Results and discussion
======================

Material characterization
-------------------------

TEM analysis indicated that all the SPION were between 10--20 nm in diameter (representative images for uncoated, amine coated and isocyanate coated SPION are shown in [Figure 2](#f2-ijn-8-731){ref-type="fig"}). In addition, the silica coating on the amine functionalized SPION was detected from TEM images, as presented from the 3-aminopropyltriethoxysilane used during functionalization ([Figure 2B](#f2-ijn-8-731){ref-type="fig"}). ICP-AES experiments demonstrated the expected chemistry of the various SPION formulated in the present study. Lastly, the magnetic moment for all the SPION was similar at 55 ± 3 amu.

Bacteria studies
----------------

Most importantly, [Figure 3](#f3-ijn-8-731){ref-type="fig"} shows the effect of SPION functionalization on *S. aureus* Biofilms after 3, 10, and 24 hours. Clearly, the growth of *S. aureus* was slowed by each functionalized SPION used in this study. Specifically, data from these experiments showed that the carboxylate functionalized SPION had the greatest impact on the growth of *S. aureus* after initial biofilm formation over the 24 hour time period. After the 24 hour period, carboxylate functionalized SPION had a 33.5% decrease in bacterial growth compared to the untreated *S. aureus* growth while the isocyanate, amine, and unfunctionalized SPION resulted in a 31.1%, 28.1%, and 18.7% decrease, respectively. Thus, carboxyalate functionalized SPION were close to twice as potent at reducing bacteria function after biofilm formation than unfunctionalized SPION. It was also observed that the optical density increased after the lowest level was reached for the carboxyalate functionalized SPION. While the cause for this is currently unknown, more carboxyalate functionalized SPION particles may have been needed to provide additional anti-bacterial properties.

While requiring much more research, it is reasoned here that biofilm disruption and slowed bacteria growth occurred from SPION addition due to the increased uptake of nanoparticles by the biofilm and to the increased concentrations of iron in the biofilm and bacteria. Functionalizing SPION with carboxylate encouraged such biofilm and bacteria uptake. Recently, it was hypothesized that metabolite (fructose) enabled eradication of Biofilms occurs through the catabolism of carbon sources and generation of nicotinamide adenine dinucleotide (NADH).[@b22-ijn-8-731] Bacterial electron transport chain oxidizes NADH and contributes to a proton motive force. As a result, antibiotic uptake and the killing of persisters are facilitated. The same mechanism might take place during this study, as the SPION uptake may have also increased when functionalized with carboxylate. Then, bacterial death might occur due to oxidative stress since reactive oxygen species (ROS) formation increased in the presence of iron. It has been shown that SPION induce bacterial death through the formation of ROS.[@b22-ijn-8-731] Therefore, first, superoxide (O^2−^) formation could be stimulated by the electron chain transport and O^2−^ might damage iron clusters, making more ferrous iron available for oxidation by the Fenton reaction. The Fenton reaction leads to the formation of hydroxyl radicals (•OH), which damage DNA, lipids and proteins. All of these events eventually cause bacterial cell death and the eradication of Biofilms.

In summary, while the mechanism that led to the decreased bacteria function by the presently fabricated functionalized SPION requires further investigation, these in vitro experiments indicated that such functionalized SPION should be further tested for a wide range of antibacterial applications. The potential to treat *S. aureus* with SPION (and without the use of antibiotics) would make infection treatment less costly and not lead to the formation of antibiotic resistant bacteria.

Conclusion
==========

Results of this study suggest a possible method to treat biofilm growth from *S. aureus* with SPION functionalized with carboxylate without resorting to the use of antibiotics. SPION functionalized with isocyanate, amine, and unfunctionalized SPION also did better at reducing in vitro biofilm growth than no treatment at all.
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![The (**A**) amine and (**B**) isocyanate functionalized SPION were prepared using silane chemistry. In a condensation reaction with the hydroxyl groups on the surface of the SPION, aminopropyl triethoxysilane was used to prepare the amine functionalized SPION and isocyanatopropyl triethoxysilane was used to prepare the isocyanate functionalized SPION. The (**C**) carboxylate functionalized SPION was prepared using the (**A**) amine functionalized SPION and succinic acid.](ijn-8-731Fig1){#f1-ijn-8-731}

![TEM images of (**A**) unfunctionalized (scale bar = 100 nm), (**B**) amine functionalized, (**C**) isocyanate functionalized, and (**D**) carboxylate functionalized SPION.\
**Notes:** Amine, isocyanate, and carboxylate functionalized SPION had an iron oxide core of 10--15 nm and a silicon coating of 3--4 nm. B (scale bar = 20 nm), C (scale bar = 50 nm), and D (scale bar = 20 nm).\
**Abbreviation:** TEM, transmission electron microscopy.](ijn-8-731Fig2){#f2-ijn-8-731}

![The effect of each type of SPION on *S. aureus* over the course of 24 hours with optical density measurements taken every 4 minutes. **A**) Raw data and **B**) select time periods of 3, 10, and 24 hours. Results of this experiment showed that the best SPION for treating *S. aureus* biofilm growth was SPION functionalized with carboxylate as well as iscoyanate. Data represent mean ± SEM, n = 3 with \**P* \< 0.1 indicating statistical significance compared to *S. aureus* alone and \*\**P* \< 0.1 indicating statistical significance compared to controls.\
**Notes:** Results of this experiment showed that the best SPION for treating *S. aureus* biofilm growth was SPION functionalized with carboxylate as well as iscoyanate. Data represent mean ± SEM, n = 3 with \**P* \< 0.1 indicating statistical significance compared to *S. aureus* alone and \*\**P* \< 0.1 indicating statistical significance compared to controls (unfunctionalized).\
**Abbreviation:** Unfunctionalized OD, optical density; SEM, Standard error of the mean.](ijn-8-731Fig3){#f3-ijn-8-731}
